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PHYSICS OF REACTOR SAFETY 

Quarterly Report 
October-December 1977 

ABSTRACT 

This quarterly progress report sunnarizes work done 
in Argonne National Laboratory's Applied Physics Division 
and Components Technology Division for the Division of 
Reactor Safety Research of the U. S. Nuclear Regulatory 
Commission during the months of October-December 1977. The 
work In the Applied Physics Division includes reports on 
reactor safety program by members of the Reactor Safety 
Appraisals Group, Monte Carlo analysis of safety-related 
critical assembly experiments by members of the Theoret­
ical Fast Reactor Physics Group, and Planning of Safety-
Related (ZPR) Planning and Experiments Group. Work on 
reactor core thermal-hydraulic code development performed 
in the Components Technology Division is also included 
in this report. 





I. TECHNICAL COORDINATION - FAST REACTOR 
SAFETY ANALYSIS 

(A2015) 

A. Summary 

The generalized version of POOLVENS was completed with several additional 
Improvements made. 

Study using FX2-P00L of the Behrens effect in pools with recompaction 
indicate that a significant portion of the pool surface area must be coherently 
pressurized to give a significant energy deposition. 

The LASL KFIX code has been implemented. The significance of the impro­
vements in its hydrodynamics methods over those of KACHINA will be evaluated. 

The effect of a residual sodium film in the fission gas plenum region 
(assimed to be above the core) after sodiun voiding on mechanical energy yield 
in a LOF accident in an LMFBR is being evaluated. If heat transfer is assumed 
to be equal to that corresponding to the condensation of pure fuel vapor on 
steel, the sodium film would be heated to boiling in about 20 ms. If a sodium 
vapor film is then assiuned produced, heat transfer from the fuel vapor 
is greatly reduced and it would require a number of seconds to vaporize the 
film completely. However, entrainment of sodium droplets could considerably 
enhance the rate of fuel-sodiun heat transfer and the consequent rise in sodium 
vapor pressure. 

Several new features have been added to EPIC, including axial growth of 
the molten fuel cavity during a transient. 

A nimber of areas in fuel pin mechanics have been reviewed, including the 
modeling used in the FPIN code being developed by the RAS Division of ANL, and 
data on fission gas retention and transient release. The PRESS code has been 
modified to make possible analysis of TREAT experiments. The HEDL COBRA-3M 
code has been implemented to calculate temperatures for PRESS. The £-8 and 
H-6 TOP experiments are being analyzed with this code. 

B. Study of Basic Problems in Accident Analysis 

1. FX2-P00L Development (P. B. Abramson) 

The generalized version of POOLVENS was completed including the 
following features. 

a) Variable number of DPIC (distributed-particle-in-cell) particles 
(suggested 4 per 2D cell) 

b) Optional stochastic treatment of heat transfer user input mean 
and signs for drop size and effective heat transfer coefficient 

c) Variable mesh 
d) Color/black and white/none movie plots 
e) Variable storage selection 
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2. Behrens Effect (P. B. Abramson) 

-̂•î r, Tr> nools us ing FX2-P00L were c a r r i e d Further s tud ies of recompaction xn poois ut-xug „ . , ^ „ppT 
o„t in J Z T Z With c o „ p a „ b l e „ o r . w l * VB^US by B. ^ ; / ^ " l l ' J ° f ^ ^ , 
Our » o * ind ica tes tha t a s i g n i f i c a n t p o r . n of t ^ e « f - ^ / ^ « \ „ „ ^ / , , p „ _ 
must be coherently pressur ized m order to cause any s e 
s i t i o n ( s t a r t i n g from a "bare" pool at prompt " " ^ f >; , ^ " ^ ^ / ^ i J ^ J " ! ' ^ d 
di rected at i n i t i a l l y s u b c r i t i c a l pools with m a t e r i a l r e loca t ed a x i a l l y and 

rad ia l ly away from the pool. 

3 . FX2-TW0P00L (J. J . S ienicki ) 

A copy of the KFIX code was obtained from J . R. Trav is (LASL). KFIX 
is a two-phase, two-field thermohydrodynamics code for one m a t e r i a l ^J) two 
dimensions which impl i c i t l y includes in te rphase exchange w i th in the ICE m u l t i ­
f ie ld methodology. The CDC vers ion received has been converted t o IBM and 
implemented on the ANL 370/195 and has successfu l ly executed a sample problem. 
We s h a l l compare the thermohydrodynamic methods of TWOPOOL with those of 
KFIX and we sha l l a lso assess the c a p a b i l i t i e s of the KFIX methods to determine 
what improvement they offer over those of KACHINA for SIMMER a p p l i c a t i o n s . 

4. Role of Sodium Films in Accident Energet ics (P. L. Garner and 
P. B. Abramson) 

A recent s e r i e s of SIMMER ca lcu la t ions^ has i nd i ca t ed t h a t t h e 
system k ine t i c energy associa ted with the post-disassembly core expansion f o l ­
lowing a LOF may be s i gn i f i c an t l y reduced by d e t e r m i n i s t i c a l l y t r e a t i n g the 
numerous phenomena involved. These ca l cu l a t i ons assumed t h a t t he f i s s i o n - g a s -
plenum region, in addi t ion to the core and upper a x i a l b l a n k e t , was completely 
voided of sodium. Experiments^ have shown tha t a l i q u i d f i lm, comprising 15 
to 20% of the channel flow area , i s l e f t on the channel wal l s fol lowing an 
expulsion event. A complete treatment of t h i s sodium fi lm might have a s i g n i ­
f icant impact on the recent "vessel problem" c a l c u l a t i o n s performed using 
SIMMER. A study of phenomena associa ted with the sodium f i lm has been i n i t i ­
ated, and some i n i t i a l r e s u l t s are repor ted h e r e . 

Previous work^ has indicated tha t the vapor i za t ion of a small amount of 
l iquid sodium following i t s entrainment i n t o an expanding two-phase l i q u i d / 
vapor fuel region can increase the system expansion work to a va lue higher 
than that due to fuel expansion alone; entrainment of l a r g e amounts of l i q u i d 
sodium into the expanding mixture w i l l simply quench the fue l and decrease 
the expansion work to a value below tha t due to fuel expansion a l o n e . The 
actual process of vaporizing the sodium film can i n h i b i t t he l o s s of energy 
from the expanding core region to the s t r u c t u r e by fue l condensat ion thus 
leaving a s izeable amount of energy s t i l l a v a i l a b l e i n the fuel to be con­
verted to system k i n e t i c energy. 

An i n i t i a l se t of ca l cu l a t ions has been performed assuming t h a t t he 
heat flux ava i lab le for sodium film vapor i za t ion may be approximated by the 
heat flux"* associated with pure fuel vapor condensing onto s o l i d s t e e l (which 
mel ts ) . This heat flux i s used to supply both s e n s i b l e heat and l a t e n t heat 
of vaporizat ion for the sodium as well as to provide a s e n s i b l e hea t ing of the 
underlying cladding. The l a t t e r e f fec t was included s ince a t r a n s i e n t con­
duction heat t r ans fe r ca l cu l a t ion showed t h a t t h e cladding and l i q u i d sodium 
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film rise rather uniformly in temperature when subjected to the heating rate 
associated with fuel condensation onto steel. A O.IS ram thick sodium film 
(corresponding to 20Z of the channel flow area) can be raised to its boiling 
temperature (at 0.1 MPa) in approximately 20 ms and be completely vaporized 
in 100 to 150 ms under these assumptions. If higher heating rates are used, 
the sodium/fuel interface temperature can rise much faster and the time to cut 
off fuel condensation could be reduced by as much as an order of magnitude. 

The actual process of producing sodium vapor could alter the fuel conden­
sation rate ~ an effect which was neglected in the calculations stated in the 
previous paragraph. Several calculations have been performed to estimate the 
magnitude of this feedback. These calculations used the models in Reference 
4 but replaced the steel solid and liquid regions with sodium liquid and vapor, 
respectively. The calculational procedure thus assumed that the sodium vapor 
produced exists as a discrete layer separating the condensed fuel from the 
liquid soidum film. The calculated results indicated that the fuel condensa­
tion rate is decreased by two orders of magnitude by the production of sodium 
vapor and the complete film vaporization times are correspondingly increased 
to the order of seconds. (Sodium vaporization begins immediately following con­
tact between the fuel and soidum in these calculations.) The fuel condensation 
rate reduction reported here is similar to that reported by Suo-Antilla^ 
although quite different models have been used in the two calculations. 

These Initial calculations provide indications of the mass and energy 
fluxes associated with a fuel-condensation/sodium-vaporization situation. 
This information will be Integrated into a model being developed for analyzing 
the transient pressurization and system kinetic energy alterations associated 
with sodium film vaporization. These future calculations must be performed 
in order to assess the importance of properly treating the sodium film in 
accident analysis calculations. 

The "real" problem will be dynamic (hydrodynamically) rather than static, 
and issues of the hydrodynamic interactions between the streaming and con­
densing fuel vapor and two phase fuel/steel mixture will eventually have to be 
included in assessing the actual pressure-time history at the lower interface 
of the sodium "slug". These preliminary calculations indicate that even in 
the static case the fuel vapor pressure reduction by condensation would be cut 
off in a time scale of about 20 ms and after that sodium pressures could be 
contributing. One might expect the dynamic effects of tearing sodium droplets 
off of the film and entraining them into the flowing two phase mixture to 
cause relatively rapid rises in sodium pressurizations. 

5. EPIC Code Development (P. A. Pizzica and P. L. Garner) 

The fuel-pin cavity melt-in model and the time-dependent cladding-
breach-size option in the EPIC code have been modified. The molten fuel 
cavity in the pin may now grow axially (radial growth was included previously) 
as the energy deposition causes the additional segments to become molten. An 
option has been Included in the code to allow the cladding breach to lengthen 
axially in time as the fuel pin cavity reaches a user-specified radial melt 
fraction at each axial node. 

EPIC results may now be displayed as a color movie. The movie displays 
the growth of the FCI zone, sodium slug expulsion, growth of the molten fuel 
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Mnn of fuel in the pin and channel, and fuel temperatures 
cavity in the pin, motion of tuei in tae ^ 
as the calculation proceeds. 

6. Fuel Pin Mechanics Studies (Kalimullah) 

J ..• /-AMT/RAq 77-23") of the FPIN pin fail-
a) A review of a description (ANL/RAS ^^/fj^ °^ " 

ure program shows the following important features of the program. 

i) The outer cracked fuel is modeled as a ^^^^^ "'^''" .°^. 
elastic props laid radially between the cladding and the 
continuous viscoelastic fuel. The circumferential and 
axial stresses in these props equal the negative of the 
pressure of the gas in the cracks. This model gives an 
upper limit of the force transmitted to the clad because 
some slippage among and crushing of cracked pieces will 
occur. 

ii) A sensitive parameter used in modeling the continuous 

visco-elastic fuel is the equivalent creep strain rate of 
the fuel as a function of equivalent stress, fuel tempera­
ture and equivalent plastic strain - little studied for 
fuel. 

iii) The central cavity model seems reasonable but the calcula­
tion of the amount of gas in the cavity is not complete. 

iv) The clad stress and strain calculation is reasonable but 
a failure criterion has not been added. 

v) No gas is released before melting and all gas is released 
at the instant of melting. 

b) The percolation theory model used in the GRASS code (being 
developed at ANL) and the LANGZEIT code (Karlsruhe) for fission gas release 
from grain boundaries to outside of a pellet piece was reviewed and foimd 
unsuitable for use in a transient overpower situation. 

c) Both the FGR series tests at HEDL and the DEH tests at ANL for 
studying fission gas release and fuel behavior during TOP have similar conclu­
sions. Fuel breaks up due to fission gas at outer radii to pieces almost of 
the size of grains for heating rates greater than about 300°K/sec (ANL-RDP-61, 
pp. 4.2-7). 

d) A capability of analyzing one specified pin of a multipin test 
subassembly has been added to the FRESS program for fuel pin failure so that 
TOP experiments performed in TREAT may be analyzed. Some other additions to 
this program include calculations of the average gas pressure of the molten 
nodes, average gas pressure of the whole pin, etc. 

e) Review of experimental data on fission gas retention shows that 
(a) a saturation amount of retained fission gas ('̂' 0.12 x 10̂ *̂  atoms/cm length 
of a typical LMFBR pin at 15 kW/ft linear power) is reached at 5 to 5.5 a/o 
bumup; the saturation amount is twice this value at 10 kW/ft and thrice 
at 5 kW/ft; (b) for burnups as low as 2 to 3 a/o the gas retained in 0.1 to 
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1 ym bubbles, almost all at grain boundaries, is 1 to 4 times that inside 
grains in atomic solution or smaller bubbles.^ 

(f) We are planning to use the FRESS code for parametric studies of 
pin clad failure by fission gas loading and for analysis of TREAT experiments. 
FRESS is linked to COBRA-3M, which supplies fuel temperatures corresponding 
to an input reactor power history. Application of the FRESS fuel pin failure 
program to E-8 and H-6 TOP tests in TREAT results in slightly late failure 
predictions but this result is obscured by significant errors found in the 
COBRA code. Since the various modifications of COBRA-3M modified at ANL to 
account for fuel pin melting were found to have serious errors, the version 
of COBRA-3M improved at HEDL to include pin melting has been obtained and an 
input for the E-8 TREAT test is being prepared. The code will be used to 
write a dataset containing the radial and axial temperature distribution in 
fuel, cladding and coolant for input to FRESS. 

7. 2000 MWe Mixed Oxide LMFBR Power and Reactivity Distribution 
(Kalimullah, P. A. Pizzica and H. H. Hummel) 

Power and reactivity distributions in a 2000 MWe mixed oxide LMFBR at 
BOEC have been computed for input to the SAS3D/EPIC code to study LOF-driven 
TOP accidents. Nine channels have been chosen to represent the three bumup 
stages. It is not currently feasible to use more than twelve or thirteen 
channels with SAS/EPIC because of computer storage limitations. 

C. Coordination of RSR Fast Reactor Safety Research 

P. B. Abramson and J. J. Sienicki met with J. Travis (LASL) to discuss 
numerical hydrodynamics methodology and to obtain information on KFIX for com­
parison with TWOPOOL. P. B. Abramson and J. J. Sienicki also met with 
M. Stevenson, J. Jackson, R. Alcouffe and R. Henninger to discuss SIMMER vali­
dation on October 26. 

P. L. Gamer attended a meeting of the properties and modeling subgroup 
of the Aerosol Release and Transport Review Group in Silver Spring on 
October 27, 1977. 

P. B. Abramson met with C. Kelber, R. Curtis, M. Sllberberg, D. Basdekas 
and P. Wood at Silver Spring on November 14 to discuss SIMMER experimental 
support. 

P. B. Abramson and E. M. Gelbard met with E. Vaughn (Al) and T. Hoffman 
(ORNL) on November 31 to discuss the future needs in Behrens effect studies. 

P. B. Abramson met with J. Walker, W. Camp and M. Stevenson on 
December 1 to discuss coordination of analysis of in-pile experiments. 

P. B. Abramson met with R. Coats and S. Eisenhower at SANDIA on 
December 19 to discuss coordination of experiments for SIMMER verification 
and to review films of the fuel dispersal test. 

Work is under way on comparative accident calculations being conducted by 
the EEC Whole Core Accident (WAC) Committee. Both an LOF and a TOP case are 
being considered. It is anticipated that results of the LOF case will be 
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published in the spring of 1978 and results of the TOP case in the fall of 

1978. 

A bilateral program in accident analysis involving the UKAEA and the 
USNRC is being formulated. It is expected that work on this program will 
begin early in 1978. 

PUBLICATIONS 

1. "Bubble Collapse Reactivity Increases in Boiling Fuel/Steel Pools," 
P. B. Abramson, T. A. Daly, R. Lell and E. M. Gelbard, TANSAO 27, 
(November 1977). 

2. "Stochastically Variable Parameters in Probabilistic Accident Analysis," 
P. B. Abramson, H. H. Hummel, E. M. Gelbard, P. A. Pizzica and 
J. J. Sienicki, TANSAO 27 (November 1977). 

3. "On the System Damage Potential for CRBRP," J. J. Hakim, P. B. Abramson 
and R. J. Henninger, TANSAO 27 (November 1977). 
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II. MONTE CARLO ANALYSIS AND CRITICALS PROGRAM 
PLANNING FOR SAFETY-RELATED CRITICALS 

(A2018) 

A. Monte Carlo Analysis of Safety-Related Criticals (E. M. Gelbard) 

The high degree of complexity inherent in modeling a complete hetero­
geneous assembly dictates that the preparation of input data be automated 
wherever possible. The main effort in the latter part of 1977 was directed 
toward gathering detailed information on all materials used in the RSR experi­
ments. This information consists of the geometry, mass and composition of 
every component used in the assembly. The latter, together with drawer master 
and loading matrix information, is synthesized and translated into a data for­
mat suitable for input into the VIM code. Data synthesis and translation is 
accomplished with two utility codes that have been written for this purpose. 

1) DTMTX: The DTMTX code reads cards produced from the final core 
loading (5000 drawers in the RSR reference core) and produces a unique set of 
drawer types (13 drawer types in the RSR reference core). The drawer types, 
along with their location in the assembly matrix, are in VIM input format. 

2) VIP: The VIP code takes all the remaining information and produces 
the geometry and number density data in VIM input format. 

Both codes have been designed to utilize the nomenclature and conventions 
presently in use in the experimental area and it is hoped that they are suf­
ficiently general to allow future use in other experimental analysis. 

The DTMTX phase has been completed for the reference core. All structural 
materials (matrix tubes, drawers, sprongs and shirns) have been coded and are 
ready to process through VIP. Approximately 75% of the plates have been coded 
are ready for processing. 

One feature of the VIP code, that results in a substantial reduction of 
duplicated effort, is the use of a material library. Once a material (matrix 
tube, drawer, plate etc.) is entered in the VIP library, that material need 
not be coded again. Thus, in creating the library for the reference core, a 
majority of the data reduction and synthesis has also been done for subsequent 
steps in the meltdown sequence. 

B. Planning of Demo Safety Related Experiments (S. K. Bhattacharyya and 

L. LeSage) 

The Demo Safety Related Critical Experiments program was completed, on 
schedule, on December 30, 1977. The original program plans consisted of 
measurements in axially symmetric accident configurations.' Two of the ori­
ginal six configurations (viz. the axially syninetrlc blanket collapse and the 
synmetric fuel slianp-out into axial blanket) were assigned a low priority 
during the program planning stage with the idea that if time pressures so dic­
tated they would be eliminated from the program. During the experimental 
program it was found necessary to eliminate the configurations because of the 
operational reasons described below. 
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•loi hianket configuration would result in a cal-
The fuel slump-out in ^ ^ ^ ^ ^ ^^^^f^^^^.i^iealities cannot be measured 

culated eigenvalue of O'?,̂ ' .'.^'Ji^^^^^uable noise techniques. In addition, 
accurately (to within 20/.) with the ayaii performed in a critical 
since the planned physics program -^^^^ ^ave to be Performed 

configuration, a very large number ^^^f^^/^^^"^^p^^^'rbe of sufficient 
have to be added. The expected - ^ f "^^^^J^ "^^^anges! These considerations 
interest to warrant making such large loading cndngeo 
eliminated this configuration. 

The axially symmetric blanket collapse configuration had a calculated 
reactivity addition of 2% Ak/k relative to the axially sy^aetric fuel slump-
In configuration. ̂  This reactivity would be compensated by the replacement 
of core edge drawers with radial blanket drawers. Since the operational con­
trol rods were located at the core/radial blanket boundary for the slump-in 
case, it would be impossible to achieve a critical configuration with the 
blanket-collapse condition without causing some of the rod locations to be m 
the blanket and thereby losing the necessary 2% Ak in control rods. Thus, 
this configuration was also eliminated from the program. 

A modified plan for the remainder of the program, was designed to avoid 
these difficulties while keeping to the basic philosophical frame-work out­
lined in Ref. 7. Axially asymmetric fuel slump-in and fuel slump-out confi­
gurations were proposed for the remainder of the time available to the program. 
In addition, an axially asymmetric fuel slump-in with blanket collapse confi­
guration was also proposed. A layout of the final configurations in the 
program is shown in Fig. 1. Table I summarizes the measurements undertaken in 
these configurations. 

I. REFERENCE CORE 2. SODIUM VOIDED 
TEST ZONE 

3. FUEL-SLUMP-OUT 4. FUEL-SLUMP-IN 

5. AXIALLY ASYM­
METRIC FUEL 
SLUMP-IN 

6. AXIALLY ASYM­
METRIC BLANKET 
COLLAPSE 

7. AXIALLY ASYM­
METRIC FUEL 
SLUMP-OUT 

PREFERENCE CORE 

CORE [ /^REFLECTOR l i j SODIUM 

^ BLANKET Q v O l O ^ COMPACTED CORE 

Fig. 1. Layout of the Configurations for the Safety 
Related Critical Experiments. ANL-116-78-126 
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TABLE I. Hra«ur«B«nti Co b* Ptrfonaad In tti* Axially AayiiBCtrlc Haltdown Configuration* 

Raactlon Rat* RracClvlty Worth '"''Pu 
Ak Travamr ''^U(n,f) Traverae (Axial) Decay 

Configuration (ConfIguratIon Worth] (Axial) ^''Pu Scalnleai Stael Worth 

1. Axially aavTMMtrlc aluap-ln ^ .' 

2. Axially aayvMtrIc *luap-ln / 
with blanket collapse 

). Axially aayvBctrlr alunp-out ,' J J 

4. SodluB flllrd rrfcrrnce / 

Thla configuration haa been aaalgnad a low priority and will be eliminated If time pre**ure* so dictate. 

The primary rationale for going to the axially asynmetric configurations 
was to avoid, for operational reasons, the large reactivity changes associated 
with axially symmetric loadings. An additional consideration was the fact 
that axially asynmetric fuel compaction events are of high Interest to safety 
analysts. With the revised plan, fuel slump-in and slump-out measurements are 
available for both the axially synmetric and axially asymmetric conditions; a 
comparison of the two should yield valuable insight into the calculational 
difficulties with axially asymmetric configurations. (Some axially asymmetric 
measurements were planned for the BIZET-B program at Wlnfrith,® but the program 
has been cancelled). The deviation from the originally planned program is 
very small from an operational point of view. 

Experimental Results 

During the course of the program, the reactivity worth of the configura­
tion changes were determined and various integral neutronic parameters were 
measured in several of the configurations. The large volume of data accumu­
lated during the program are presently being analyzed. Some preliminary 
results are reported here. 

1. Configuration Worths 

Table II lists the preliminary experimental worths of the axially 
synmetric and asymmetric configurations. These numbers are preliminary 
because the kinetics parameters used to analyze the experimental data were 
preliminary. The results are presented here to show the trends and approxi­
mate magnitude of reactivity worths. The partial slump configurations were 
achieved by loading three columns of fuel in the slumped region (Instead of 
four) and the large negative worth reflects the effects of this net loss of 
fuel. It is of Interest to note that the axially synmetric fuel slump-out 
involves a small Incremental change in negative worth from the asymmetric 
slump-out case. In contrast, the axially symmetric fuel slump-in case in­
volves a very large incremental change In positive worth from the asynmetric 
case. The preanalysis overpredlcted the negative worth of fuel slump-out 
and underpredicted the worth of fuel slump-in. The preanalysis results, 
however, are known to be Inaccurate because of the use of homogeneous cross-
sections . 
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TABLE II. Preliminary Heactivity Worths for the Various Configuration 
Changes During the Demo Safety Related 

Critical Experiment Program 

Preliminary Worth 

Configuration '•'^ 

1. Axially Asymmetric Fuel Slump-Out 

2. Axially Symmetric Partial Fuel Slump-Out -̂ •̂ '̂ -

3. Axially Symmetric Fuel Slump-Out 

4. Axially Asymmetric Fuel Slump-In 

5. Axially Symmetric Partial Fuel Slump-In " * 

fi, Axially Symmetric Fuel Slump-In 

7. Axially Asymmetric Fuel Slump-In with Blanket Collapse "̂ ^̂ ^̂  ' ^'' 

^Ml the worths are relative to the axially symmetric sodium-voided test zone 

configurations worth. 

^U Ak/k = 976 Ih. 

'̂ These configurations had less fuel in the test zone than the reference 
configurations because of the way the partial slump configurations were 
designed. The other configurations all had the same amount of fuel as 
the reference configuration. 

2. Fission Rate Dis t r ibu t ion 

Figure 2 shows a layout of the reference core . The f i s s i o n r a t e 
d i s t r i b u t i o n of ^SSy ^^g determined both r a d i a l l y and a x i a l l y in the core 
using enriched uranium f o i l s . For comparison with Monte Carlo c a l c u l a t i o n s , 
the f o i l s were arranged in planar ar rays a t d i f f e r en t r a d i a l l o c a t i o n s t o 
simulate large planar f o i l s . Table I I I gives the r a d i a l f i s s i o n d i s t r i b u t i o n 
in the core (see Fig . 2 for i d e n t i f i c a t i o n of the l o c a t i o n s of these f o i l s ) . 
In the r ad ia l space spanned, the f i s s i on r a t e drops off by a f a c t o r g r e a t e r 
than 3. Table IV gives the ax ia l f i s s i o n r a t e d i s t r i b u t i o n , t he va lue of Z 
being measured from the ax ia l midplane. The a x i a l f i s s i o n r a t e drops off by 
almost a fac tor of 5. A comparison of these experimental r e s u l t s with Monte 
Carlo and conventional ca lcu la t ions w i l l be of grea t i n t e r e s t . Add i t i ona l l y , 
a comparison of these experimental r e s u l t s wi th the r e s u l t s in the slumped 
configuration wi l l be of i n t e r e s t . 

3 . Small Sample React iv i ty Worths in Reference Core 

Table V l i s t s the r e a c t i v i t y worths of the important samples measured 
at the center of the reference core . These numbers r e p r e s e n t composite sample 
worths and i so topic cor rec t ions a re needed to o b t a i n the i nd iv idua l i s o t o p i c 
worths. The r e s u l t s shown are cons i s ten t with r e s u l t s obtained in e a r l i e r 
assemblies. Once again, the primary i n t e r e s t in these parameters i s i n the 
a b i l i t y of standard ca l cu l a t i ona l methods to p r e d i c t the magnitudes of these 
parameters. Axial r e a c t i v i t y worths p r o f i l e s of 2 39pu^ 238u and s t a i n l e s s 
s t ee l were a lso measured. 

^' Prompt Neutron Lifetime (£) Measurement 

Measurements were made of the 3/«, of the re fe rence assembly and the 
axial ly symmetric fuel slump-in conf igura t ion using r e a c t o r no i se a n a l y s i s 
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TABLE III. Enriched Oraniuo mission Rates in the BSP Reference 
configuration , Radial Packet ̂ Locat ions 

Belative Enriched Oraniui Fission Rate' 

n ».? ' V-'ViZ z"'3 in. z = 5 in. Z = 7 in. 

noc Q X 1 a 971 2 ± « . 8 91*7.6 ± 3 . 9 9 0 5 . 9 t H.O 
M22/2« 9 8 5 . 8 ± 3 . 9 9 7 K 2 ± « . ^ ^^^ ^ ^ ^ ^ ± « . 4 
" 2 3 / 2 4 9 9 5 . 2 ± 5 . 2 983 9 t ^ ^^^ ^^^_^ ^ ^_^ 
" ^ ^ 0 . * o n s % I 3 7 9 0 ° 2 ± 3 . 2 8 9 1 . 0 ± 3 . 5 8 3 2 . 8 t 3 . 5 
IV/Al In 6 ± I'.O 902' 6 ± 3 . 8 8 7 7 . 6 ± 3 . 5 8 3 8 . « t 3 . a 
« u / 2 6 9 0 a ' 3 ± « 1 8 8 8 . 1 ± « • « 8 7 0 . « ± 3 . 7 8 2 8 . 5 t 3 . 0 
M^7/26 901 9 ± « 3 6 8 5 . 8 ± « . 1 8 6 2 . « t 4 . 1 8 2 4 . 7 ± « . 0 
nlVAl IVe 2 ± 3 « 8 9 9 . 2 ± 3 . « 8 6 8 . 0 ± 3 . 4 8 3 2 . 2 ± 3 . « 
E^f'^^A 898 7 ± 5 6 8 8 4 . 6 ± 4 . 7 8 5 5 . 4 ± 4 . 6 8 1 7 . 6 t 4 . 4 
S 2 2 / 2 8 757'-a f t t 7 3 8 . 2 ± 2 . 6 7 3 2 . 6 t 3 . 3 6 9 2 . 4 ± 4 . 3 
S 2 3 / 2 8 7 6 4 : 0 ± 2 . 7 7 4 7 . 8 i 2 . 9 7 5 2 . 2 ± 3 . 2 7 1 3 . 2 ± 2 . 6 
s 2 a / 2 8 7 4 9 . 9 ± 3 . 2 7 4 2 . 4 ± 2 . 8 7 2 5 . 2 t 2 . 8 6 9 2 . 1 t 3 . 2 
H22 /28 7 5 8 . 4 t 3 . 2 7 3 3 . 5 ± 4 . 1 7 1 7 . 4 ± 2 . 8 6 9 0 . 9 ± 4 . 2 
n 2 3 / 2 8 7 6 5 . 5 ± 4 . 1 7 5 3 . 6 ± 3 . 6 7 2 4 . 7 ± 3 . 1 6 9 0 . 7 t 3 . 2 
M24/28 7 4 5 . 8 ± 4 . 2 7 3 7 . 6 ± 3 . 2 7 1 7 . 0 ± 3 . 2 6 8 6 . 0 t 2 . 9 
S 2 2 / 3 0 5 8 9 . 1 ± 2 . 6 5 7 3 . 5 ± 2 . 4 5 6 3 . 1 ± 2 . 1 5 3 7 . 6 ± 2 . 5 
S 2 3 / 3 0 5 8 8 . 3 t 2 . 6 5 8 3 . 3 ± 2 . 6 5 6 5 . 3 ± 2 . 6 5 4 1 . 5 ± 2 . 4 
3 2 4 / 3 0 5 7 9 . 9 ± 2 . 8 5 6 8 . 2 t 2 . 2 5 5 4 . 7 ± 2 . 7 5 3 0 . 3 ± 2 . 8 
5 2 2 / 3 1 5 2 6 . 1 ± 2 . 6 5 1 2 . 4 ± 3 . 2 5 0 1 . 5 ± 3 . 1 4 7 3 . 9 ± 2 . 9 
S 2 J / 3 1 5 2 3 . 6 ± 2 . 3 5 1 8 . 4 ± 3 . 0 5 0 2 . 9 ± 2 . 5 4 7 7 . 6 ± 2 . 7 
5 2 4 / 3 1 5 2 1 . 4 ± 2 . 8 5 1 3 . 6 t 2 . 5 5 0 1 . 0 ± 1 . 8 4 7 9 . 4 ± 2 . 1 
B 2 2 / 3 1 5 1 8 . 3 ± 2 . 1 5 1 3 . 3 ± 2 . 1 5 0 0 . 7 ± 2 . 3 4 8 1 . 8 t 2 . 0 
B 2 3 / 3 1 5 2 9 . 1 ± 2 . 3 5 2 0 . 4 ± 2 . 5 5 0 6 . 3 ± 2 . 8 4 8 0 . 4 ± 2 . 9 
« 2 4 / 3 1 5 2 7 . 0 ± 2 . 3 5 2 1 . 6 ± 2 . 6 5 0 1 . 5 ± 1 . 9 4 8 2 . 9 ± 2 . 0 
5 2 2 / 3 4 3 2 3 . 0 ± 1 . 1 3 1 4 . 4 ± 1 . 0 3 0 6 . 4 t 1 . 4 2 9 1 . 3 t 2 . 3 
5 2 3 / 3 4 3 2 3 . 1 ± 2 . 0 3 1 6 . 8 ± 2 . 3 3 0 9 . 2 ± 1 . 7 2 9 5 . 9 ± 1 . 4 
5 2 4 / 3 4 3 1 5 . 2 ± 4 . 3 3 1 4 . 0 ± 1 . 6 3 0 2 . 6 ± 1 . 3 2 9 0 . 0 ± 1 . 6 
M22/34 3 2 2 . 5 ± 1 . 6 3 1 3 . 1 ± 2 . 3 3 1 0 . 5 ± 1 . 9 2 5 9 . 6 t 7 . 0 
M23/34 3 2 0 . 2 t 1 . 5 3 1 6 . 9 ± 1 . 7 3 0 8 . 3 i 1 . 7 2 9 7 . 0 ± 1 . 1 
B 2 4 / 3 4 3 1 7 . 0 ± 2 . 5 3 1 4 . 1 ± 2 . 1 3 0 4 . 8 ± 2 . 2 2 9 1 . 8 t 1 . 4 

^Errors l i s t e d are r e l a t i v e s t a t i s t i c a l count ing u n d e r t a l n t l e s o n l y . 
^Drawer i d e n t i f i c a t i o n 22/2^4 r e f e r s to row 22 , column 24; M and S r e f e r to movable 
and s t a t i o n a r y ( a x i a l ) h a l f s of the r e a c t o r r e s p e c t i v e l y . 

TABLE IV. E n r i c h e d Uranium F i s s i o n R a t e s i n t h e RSB R e f e r e n c e 
C o n f i g u r a t i o n , A x i a l P a c k e t L o c a t i o n s 

R e l a t i v e E n r i c h e d U r a n i u m F i s s i o n R a t e ' 
z 

( I N . ) 3 2 1 / 2 4 2 5 2 2 / 2 4 S 2 3 / 2 4 S 2 4 / 2 4 3 2 5 / 2 4 

1 . 0 0 
3 . 0 0 
5 . 0 0 
7 . 0 0 
9 . 0 0 

1 1 . 0 0 
1 2 . 7 5 
1 4 . 2 5 
1 5 . 7 5 
1 7 . 2 5 
1 8 . 7 5 
2 0 . 2 5 
2 1 . 7 5 
2 3 . 2 5 
2 4 . 7 5 
2 6 . 2 5 
2 7 . 7 5 
2 9 . 2 5 

9 6 2 . 3 
9 4 1 . 0 
9 1 5 . 6 
8 7 1 . 4 
6 2 2 . 4 
7 5 5 . 4 
6 9 2 . 6 
6 3 8 . 1 
5 8 2 . 4 
5 2 9 . 0 
4 9 4 . 9 
4 5 1 . 7 
4 1 6 . 0 
3 6 9 . 0 
3 2 2 . 3 
2 7 5 . 6 
2 3 3 . 0 
1 9 2 . 8 

± 
1 
t 
± 
t 
± 
± 
t 
± 
t 
± 
± 
± 
± 
± 
± 
± 
± 

4 . 4 
5 . 0 
5 . 3 
5 . 4 
4 . 0 
3 . 9 
3 . 5 
2 . 8 
3 . 1 
2 . 8 
2 . 1 
2 . 0 
2 . 6 
2 . 2 
1 .6 
1 . 4 
1 . 5 
1 . 2 

9 8 3 . 4 
9 6 8 . 8 
9 4 1 . 2 
6 9 3 . 8 
8 4 4 . 4 
7 6 6 . 6 
7 1 3 . 7 
6 5 4 . 5 
5 9 5 . 4 
5 4 0 . 7 
5 0 7 . 9 
4 6 7 . 4 
4 2 3 . 6 
3 7 7 . 7 
3 3 1 . 2 
2 8 8 . 6 
2 3 7 . 6 
1 9 9 . 4 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
t 
t 
t 
+ 
t 
± 

5 . 6 
4 . 7 
6 . 0 
4 . 4 
5 . 1 
3 . 7 
4 . 6 
6 . 1 
2 . 7 
2 . 8 
2 . 9 
2 . 5 
2 . 5 
2 . 1 
1 . 8 
2 . 2 
1 .6 
1 . 2 

9 9 7 . 6 
9 8 0 . 3 
9 5 3 . 4 
9 0 7 . 4 
8 4 6 . 1 
7 8 2 . 1 
7 1 5 . 2 
6 6 7 , 2 
6 0 6 . 9 
5 5 1 . 6 
5 1 9 . 0 
4 7 2 . 3 
4 2 8 . 3 
3 7 7 . 1 
3 3 7 . 9 
2 8 7 . 0 
2 4 2 . 6 
1 9 9 . 9 

± 
± 
± 
± 
± 
± 
± 
± 
± 
t 
t 
t 
t 
t 
t 
t 
t 
± 

5 . 5 
4 . 9 
4 . 4 
5 . 8 
4 . 6 
4 . 7 
4 . 0 
3 . 8 
3 . 4 
3 . 8 
3 . 2 
3 . 2 
2 . 5 
2 . 0 
1 . 9 
1 . 7 
1 . 5 
1 . 1 

9 7 5 . 2 
9 7 0 . 7 
9 3 2 . 2 
9 0 3 . 7 
8 3 7 . 9 
7 6 5 . 0 
7 1 6 . 2 
6 4 0 . 3 
6 0 1 . 6 
5 4 6 . 0 
5 2 0 . 6 
4 7 6 . 7 
4 3 1 . 1 
3 8 3 . 4 
3 4 1 . 0 
2 9 4 . 3 
2 4 7 . 1 
2 0 2 . 7 

± 
± 
± 
± 
± 
± 
t 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
t 

6 . 9 
5 . 5 
4 . 8 
4 . 3 
3 . 7 
4 . 2 
4 . 2 
5 . 9 
2 . 9 
3 . 7 
2 . 0 
2 . 7 
2 . 2 
2 . 1 
1 . 8 
1 . 4 
1 . 1 
1 . 4 

9 5 0 . 2 
9 4 2 . 3 
9 1 0 . 0 
6 6 6 . 9 
8 1 9 . 3 
7 5 8 . 5 
6 9 9 . 5 
6 3 5 . 6 
5 8 1 . 2 
5 3 2 . 5 
4 9 5 . 4 
4 5 1 . 1 
4 1 6 . 7 
3 7 5 . 4 
3 2 9 . 0 
2 8 1 . 6 
2 3 5 . 1 
1 9 2 . 2 

± 
t 
± 
t 
t 
t 
± 
± 
± 
± 
± 
1 
± 
± 
± 
t 
± 
± 

5 . 2 
4 . 6 
4 . 1 
9 . 0 
4 . 0 
2 . 3 
3 . 8 
3 . 7 
3 . 0 
1 . 6 
3 . 6 
3 . 4 
2 . 1 
2 . 1 
2 . 1 
1 . 4 
1 . 5 
1 . 3 

^Errors l i s t e d are r e l a t i v e s t a t i . s t i c a f count ing u n c e r t a i n t i e s o n l y . 
^Drawer i d e n t i f i c a t i o n 21/24 r e f e r s to row 2 1 , column 24; the S r e f e r s to the 

s t a t i o n a r y ha l f of the r e a c t o r . 
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TABLE V. Raault* of SnaH-Saapl* RMcttvtty 
Worth MeaaurvMnta In tha Rafrranca Aaaaably 

Major Isotopa/ Cantral Raactivlty 
Saapla Elaaant/CoBpound Worth 

I . n . In Sa^<l» (Ih/kg) 

NB-10 

Pu-240-J 

HB-21 

MB-25 

/J9 174 

97 

250 

-17.6 

• 4 

0 .7 

- i470 • 90 

-10.', 0.2 

methods. Specifically, two detectors 
were placed in the assemblies and 
random components of their outputs 
were analyzed to obtain the cross-
spectra. This was fit to the expres­
sion A/(a^ + 0)2) to obtain a - 6/£. 

Two measurements were made in 
the reference assembly (one with the 
reactor cooling fans on and the other 
with the cooling fans off) and one 
measurement was made in the fuel 
slimp-in configuration (with cooling 
fans turned off). This was done to 
check whether the detectors were 
picking up microphonic noise from 
the cooling fans. The data from 

each run, corrected for calibration, were fitted to the expression for the 
expected spectrum by variable metric minimization. The results of the fitting 
are shown in Figs. 3, 4 and 5. It appears that the variable metric is not 
finding the best fit, so alternative fitting methods are being explored. 
Table VI lists the resulting values of B/£ from these fits and the preanalysis 
calculated values. Because of the nature of the fits, the experimental numbers 
should be treated as preliminary. No estimate of the precision is available 
at this time. The calculated predictions of the &/i parameter are also pre­
sented in Table VI. It is noted that a considerable improvement in the C/E 
ratio occurs in going from the preanalysis to the post analysis - the dif­
ference being attributable mainly to the improved cross sections. Addition­
ally, the calculated prediction for the slump-in configuration is consider­
ably worse than for the reference configuration. 

t-1 

MB-19 

MA 0.2) 

Pu 

""PuOj 

!•>«, 

Stalnlcna Steal 

Na -8.7 t 1.7 

Status of the Diffusion Theory Analysis 

The progress of the diffusion theory analysis of the experiments was 
impeded for several months by cross-section processing code problems. These 
problems have recently been corrected and the anlaysis is proceeding smoothly. 
Isotopic cross-sections have been generated for all the compositions encoun­
tered in the program. Benoist bi-directional diffusion coefficients were also 
generated for all the compositions for use in the two-dimensional diffusion 
theory anaJ.ysi8. 

It has been determined that for the core regions for neutron energies 
above '̂ 2 keV, the neutron streaming process is better described using Gelbard 
diffusion coefficients^ instead of Benoist diffusion coefficients. Gelbard 
diffusion coefficients have been generated for the normal core, sodium voided 
core and slimped core configurations. 

An R-Z calculational model of the reference core has been set up (Fig. 6) 
and an eigenvalue calculation has been performed. The final eigenvalue of 
0.9903 is quite close to earlier calculational experience with critical assem­
blies. Table VII sinmarizes the basic results. 
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C o o ? i r , ' ' ' r ' ' ' T ""^^^ ^ ° ^ ' ^ " Reference Core with Reactor 
Cooling Fans On. ANL Neg. No. 116-78-128 
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Fig. U. Noise Spectrum Data for the Reference Core with Reactor 
Cooling Fans Off. ANL Neg. No. 116-78-129 
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Fig. 5. Noise Spectrum Data fo r t h e Fuel Slump-In Core with 
Reactor Cooling Fans Off. ANL Neg. No. 116-78-130 



25 

TABLB VI. Praltalnary Raaulta of 0/( Maaauraaanti 
In tha Rafaranca and Pual Sliap-In ConfIgurationa 

Configuration 

Rafaranca 

Rafaranca 

Pual Sluap-In'* 

Exparlaantal 

7305 

7350 

8554 

B/ l . 

Praanaly 

Calculatad 
Valua 

9731 

9711 

11909 

aac-> 

• la 

C/E 

1.31 

I.IA 

1.61 

Poat Analy 

Calculated 
Valua 

8512 

8512 

10542 

• la 

C/E 

1.168 

1.161 

1.238 

with reactor cooling fana on. 

with reactor cooling fana off to avoid the pickup of nlcrophonlc nolae. 

114.S388 

96.7994 

91.4400 

81."ih-'^ 

35.8013 

43.8013 

22.9413 

(3) 

(2) 

(4) 

(14) 

EMPTY MATRIX TUBE 

REFLECTOR 

AXIAL BLANKET 

(3) 

( U ) 

( U ) 

(9) 

1 
1 
1 

CojtE 

1 

1 (13) 

1 
1 
1 
1 
1 
1 

R K D I A L BLANKET 

1 
1 
1 

1 
1 
1 
1 
1 
1 (5) i (15) 

REFLEC­
TOR 

(7) 

EKPTY 
MATRIX 
TVBES 

(5) 

0.0000 18.9592 44.1892 55.1892 85.0739 99.3982 127.0207 

R 

totleoa and eeapealtlona are Indicated by aolld llnea; croaa-sectlon types are 
Indleatad by daahad llnaa. Tha nuabar of acsh Interval* la ahown In parentheses. 
All dlBMialona are In cantlBatara. 

Fig. 6. The R-Z Model of the Reference Assembly. 
ANL Neg. No. 116-78-127 
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TABLE VII. Results of Diffusion Theory Analysis 
for Reference Core 

Parameter Calculated Value 

1. Eigenvalue of reference 

configuration 

2. 6k for streaming 

3. 6k for transport correction 

4. Percent of total fissions in test 

zone (relative to total fissions 
in assemblies) 

5. Percent of total absorptions in 
zone (relative to total 
absorptions in assembly) 

6« Koo of test zone 

0.9903 

-Oo0029 

-t-0.0012 

23.78 % 

14.32% 

lo69 

This includes the effects of streaming and transport listed 
in Items 2 and 3. 
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I I I . THREE-DIMENSIONAL CODE DEVELOPMENT FOR CORE 
THERMAL HYDRAULIC ANALYSIS OF LMFBR 

ACCIDENTS UNDER NATURAL 
CONVECTION CONDITIONS 

(A2045) 

A. I n i t i a l and Boundary Conditions (W. T. Sha and H. M. Domanus) 

I n i t i a l and boundary conditions ava i lab le in COMMIX-1 are presented below: 

1. Initial Conditions 

Generally, before the solution sequence can begin all variable values 
must be assigned. This is accomplished by either continuing a previous run, 
via the restart capability, or by specifying the initial temperature (T), pres­
sure (P), and velocity (u,v,w) distribution throughout the interior points of 
the configuration under consideration. When the initialization is not a re­
start, density (p) and enthalpy (h) are calculated from equations of state 
using the specified pressures and temperatures. Because determination of these 
distributions and their subsequent input into the code can be tedious, certain 
options have been provided to ease the initialization task. When a steady-
state solution is being sought, an initialization as close as possible to the 
expected solution should be used to reduce computer running time. 

2. Pressure Initialization for Static Head 

When gravity is acting along any of the three principle axes and 
there is either constant or one dimensional temperature variation in that same 
direction, an option is available to reduce the initialization task. This is 
accomplished by specifying a pressure at a point and the constant or one-
dimensional temperature variation. The entire temperature field is generated 
from the input temperature information. The density field is computed by the 
equation of state. Using this density field and the point pressure, a pres­
sure field is generated to account for the static head. From the pressure and 
temperature fields, the enthalpy is obtained, thus completing this initializa­
tion option. 

3. Pressure Drop Initialization 

A linear variation or constant pressure gradient initialization op­
tion is available in COMMIX-1. This can be used when the constant pressure 
gradient is along any one of the three principle axes. It is accomplished by 
specifying the constant pressure gradient as either, 

^ . ^ . or 1^ 
3x' 3y' 3z 

and a point pressure. This option can be used along with the static head 
Initialization. However, if the constant pressure gradient is along the same 
axis as gravity, the pressure gradient due to gravity must be included in the 
specification of the constant pressure gradient. 
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4. One Dimensional Initialization for Hexagonal Fuel Assemblies 

If a hexagonal fuel assembly calculation is being performed, the 
z-axis is aligned with the axial length. If gravity is acting along the z-
axis and the inlet is from the z = 0 plane, a one dimensional initialization 
option is available. The initialization is performed assuming transverse velo­
cities are zero and all variables constant throughout a given axial (z = con­
stant) plane. This initialization takes into account drag and static head 
forces as well as internal heat sources. This option has proved to reduce the 
computer running time to reach steady-state solution for hexagonal fuel as­
semblies. 

5. Boundary Conditions 

Each surface bounding the configuration has two boundary conditions 
associated with it, one on velocity and the other for temperature. Each of 
these boundary conditions are treated separately so that any combination of 
velocity and temperature boundary conditions can be associated with the surface. 

6. Velocity Boundary Conditions 

There are f ive (5) ve loc i ty boundary condi t ions a v a i l a b l e in 
COMMIX-1 All i n l e t and ou t l e t boundary condi t ions assume p a r a l l e l f low. The 
f i r s t i s where the boundary normal ve loc i ty (V ) i s s e t i n i t i a l l y and remains 
unchanged throughout the so lu t ion , i . e . 

' • > 

(V ) = C (constant velocity), 
b n ^ ' 

A no slip surface may be specified by setting (V ) = 0 . An inlet is speci­
fied by a -l-C and an outlet indicated by a -C. ^ 

The second velocity boundary condition is the uniform transient. For 
thxs boundary conditions the boundary normal velocity is set equal to a tran­
sient function f(t) at the beginning of every timestep, i.e., 

(V̂ )jj = f(t) (transient velocity). 

taneent vp̂ nr'̂ -̂̂ r c\i \ ,• -̂̂ ^̂ -̂ ty is set equal to zero, while the boundary 
tangent velocity, (V^)^. xs set equal to its corresponding adjacent internal 
velocity (V.)^ so that the wall shear stress, r , is zero, i.e.. 

D ' 

(V.) = 0 
b n 
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(V ) 
v t - (v^)^ (free s l ip wall) 

and 0. 

The fourth and fifth boundary conditions are outlet boundary conditions 
used to minimize the upstream influence of the outlet. These are the continua-
tive velocity outlet and the contlnuative momentum outlet. The continuative 
velocity outlet has the boundary normal velocity set equal to the corresponding 
adjacent internal velocity, i.e., 

(V. )_, - (V ) (continuative velocity outlet). D n 1 n ' 

The continuative momentum velocity outlet sets the boundary normal velocity 
such that the boundary normal momentum is equal to the corresponding adjacent 
internal momentum, i.e.. 

b n 
- i "'i>., (comtinuative momentum outlet). 

where p , p - densities at the boundary and of its adjacent internal cell, 

respectively. 

7. Temperature Boundary Conditions 

There are five (5) temperature boundary conditions available in 
(X)ff1IX-l. These are the uniform constant temperature, uniform transient tem­
perature, uniform constant normal heat flux, uniform transient normal heat 
flux and the adiabatic boundary conditions. For each of these boundary con­
ditions, density and enthalpy are assigned from equations of state after the 
boundary temperature has been determined. 

The uniform constant temperature boundary condition sets the boun­
dary temperature, T,, initially and remains unchanged throughout the solution, 
i.e., T. - C. 

b 

The conduction length (VX) i s given in terms of the surface area 
A^ and the volunie of the adjacent internal (VOL)̂  as 

(VOL). 
(VX). 

The normal heat flux, (q.) . is computed from the temperature at 
b n 

the adjacent internal cell, T , i.e.. 
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(q ) = k(T^) - °y^^ "• (constant temperature), 

where k = thermal conductivity. 

The uniform transient temperature boundary condition is performed 
by setting the boundary temperature equal to a transient function, f(t), i.e, 

T^ = f(t) 

and 
(T^ - T.) 

*b'n '̂ '̂'b' (VX) 
(q ) = k(T ) ^ — — (transient temperature), 

The uniform constant normal heat flux boundary condition sets the 
normal heat flux at the boundary initially and is unchanged throughout the 
solution. The boundary temperature is computed from the temperature of the 
adjacent internal cell. Positive heat flux values indicate heat is being 
added to the configuration, while negative values indicate heat loss, i.e. 

D n 

and 

T. 
( q . ) (VX) 

b n c , = T. -f- —• ,„ V ( c o n s t a n t h e a t f l u x ) . b 1 k(T, ) ' 
b 

The uniform transient normal heat flux boundary condition assigns 
a transient function, f(t), to the boundary normal heat flux as 

^ > n = ^(^> 

where 

( q^)^ (VX) 
\ ~ \ + k(T^ ~ (transient heat flux). 

b 

The adiabat ic boundary condit ions i n i t i a l l y s e t s the boundary normal 
heat flux to zero and the boundary temperature equal to the adjacent i n t e r n a l 
c e l l temperature during so lu t ion , i . e . . 

b n 

and 

- T^ ( ad iaba t ic ) , 
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